Introduction
The number of nanofibre-related publications based on rotary jet spinning has increased in recent years following interest surrounding the technology, which was initially developed in Texas, USA, by Lozano et al. [1] . The technology is based around the relatively well-known technique of candy floss production, where a material in the form of a melt or solution is held in a vessel before undergoing rapid rotation, expelling the contents of the vessel through orifices around the perimeter, producing near continuous fibres on a stationary collector as shown in Figure 1 . Nanofibre production is the primary aim of this technology, with mass production being the lead driver in further research. Many reviews [2] [3] [4] [5] into nanofibres have been published which investigate ever more uses for these amazing materials from many production methods. The applications that show significant promise for these materials include biomedical applications (drug delivery and tissue engineering scaffolds) [6] [7] [8] [9] , energy storage devices (lithium ion batteries) [10] [11] [12] , and also air and water filtration applications [13] [14] [15] . Polymer nanofibres possess a very high surface area to volume ratio resulting in attractive applications where this property is advantageous. One such application is in drug delivery, where drugs can either be coated onto the fibres or embedded within the fibre before implantation in the body, which results in a slower release and subsequent absorption by the patient over traditional administration methods. ; identifying key components from each technique in the production of nanofibres. The key difference is in the high voltage required by electrospinning to attract a fibre by drawing it from an oppositely charged capillary tip, whereas rotary jet spinning uses a mechanical force to eject polymer fibres from a fast-moving spinneret.
In filtration applications, the morphology can utilise the small pore size in nanofibre mats to filter harmful contaminants from a reduced product size over traditional designs in air filtration. Although the devices are smaller, they have been proven to perform to the same level if not better than HEPA (High Efficiency Particulate Air) standards, filtering 99.993% of particles efficiently at a face velocity of 5 cm/s using 0.3 µm test particles [14] . The issues with this application to date include filter blockage, corresponding with a subsequent pressure drop, which would require cleaning before a similar commercially available product such as a HEPA filter, where products are designed to maximise volumetric flow over time without a reduction in performance.
As most of these applications show promise in a lab environment, the long-standing issue to date in nanofibre production is how upscaling can meet large volume manufacturing needs. Labscale nanofibres have been produced from many different techniques such as electrospinning, melt blowing, islands-in-the-sea spinning, template syntheses, drawing, phase separation, self-assembly and more recently, rotary jet spinning [16] . Of these lab-scale devices, only electrospinning, rotary jet spinning, and potentially melt blowing are capable of producing nanofibres on an industrial scale.
Electrospinning is a process that is somewhat different from rotary jet spinning, in that it does not use any mechanical forces to expel or extrude a solution to produce a fibre. Instead, it relies on a high electrostatic charge that is applied between a polymer solution, which is slowly ejected from a needle tip, and a counter electrode to collect the fibre. The attraction of the fibre that is being drawn from the capillary tip depends on a sufficiently high dielectric constant of the solution.
Until now, no direct comparison has been made between rotary jet spinning and electrospinning. In this study, a direct comparison of both spinning processes using one specific polymeric material was carried out under the same laboratory conditions. For this, we investigated nanofibre production of polyamide 6 (PA6) and compared processability and fibre diameters for both methods, along with crystallinity of the resulting fibres.
In rotary jet spinning, there are several variables which can be tuned to produce the required fibre properties, but not all of them have an influence on fibre diameter or bead formation. Processing parameters that have been shown to affect fibre diameter are the concentration of the polymer solution and needle size [17] . In their study, Krifa et al. evaluated the beads on a string phenomenon using PA6 solutions and performed an analysis of variance (ANOVA) to calculate the significance of these variables on the reduction of fibre beading. Early tests by these authors are in agreement and have shown the smallest diameters to not depend on rotational velocities, but instead depend more so on the solution concentration and hence rheological properties of the spinning solutions.
The rate at which nanofibres can be produced varies according to the method and production variables, but can be summarised by concluding that electrospinning is as much as 50 times slower at producing nanofibres compared to rotary jet spinning [16] . Industrial electrospinning machines such as Nanospinner416 by Inovenso Ltd. (Istanbul, Turkey) are capable of producing 210 g h −1 [18] , whereas an industrial rotary jet spinning device, the FX2200 by FibeRio (McAllen, TX, USA), can produce up to 12,000 g h −1 [19] from a continuously produced 2.2 m wide nonwoven. ; identifying key components from each technique in the production of nanofibres. The key difference is in the high voltage required by electrospinning to attract a fibre by drawing it from an oppositely charged capillary tip, whereas rotary jet spinning uses a mechanical force to eject polymer fibres from a fast-moving spinneret.
As most of these applications show promise in a lab environment, the long-standing issue to date in nanofibre production is how upscaling can meet large volume manufacturing needs. Lab-scale nanofibres have been produced from many different techniques such as electrospinning, melt blowing, islands-in-the-sea spinning, template syntheses, drawing, phase separation, self-assembly and more recently, rotary jet spinning [16] . Of these lab-scale devices, only electrospinning, rotary jet spinning, and potentially melt blowing are capable of producing nanofibres on an industrial scale.
The rate at which nanofibres can be produced varies according to the method and production variables, but can be summarised by concluding that electrospinning is as much as 50 times slower at producing nanofibres compared to rotary jet spinning [16] . Industrial electrospinning machines such as Nanospinner416 by Inovenso Ltd. (Istanbul, Turkey) are capable of producing 210 g h −1 [18] , whereas an industrial rotary jet spinning device, the FX2200 by FibeRio (McAllen, TX, USA), can produce up to 12,000 g h −1 [19] from a continuously produced 2.2 m wide nonwoven.
Lab-scale versions of these devices such as those used in this research usually have one or two needles. Electrospinning production rates versus rotary jet spinning in these research sized versions are still orders of magnitude lower, with lab-scale devices producing typically up to 0.11 g h −1 for electrospinning, and up to 60 g h −1 per orifice for rotary jet spinning [20] .
It is with this benefit of increased production output that a direct comparison of the same material will be carried out to evaluate the fundamental differences and benefits that come from rotary jet spinning. For example, it might be envisaged that some loss in fibre quality will be observed due to the rapid fibre production rates in rotary jet spinning, compared to that of a more established and controlled process like electrospinning.
Materials and Methods
For the PA6 grade chosen, our common control parameter was the polymer concentration in solution (viscosity), which is known to significantly affect spinning behaviour. In our experiments, the electrospinning control parameters included the applied voltage and solution feed rate, whereas rotary jet spinning only included rotational velocity. The collector distance in both experiments was set to 10 cm.
To achieve directly comparable results, an identical polymer grade was used in both electrospinning and rotary jet spinning. PA6 pellets were acquired from Lanxess (Newbury, UK) (Durethan ® B31F) (low viscosity, extrusion grade, M w unavailable), and formic acid (>98%) was purchased from Sigma Aldrich (Gillingham, UK). All materials were used as received.
Polymer concentrations in solution were chosen to produce an array of results from non-fibre producing droplets and beading behaviour through to complete blockage and no fibre production at all. The solutions chosen ranged from 1 wt. % to 30 wt. % polymer concentrations in multiples of 2.5 wt. %.
Prior to solution preparation, the PA6 was dried at 80 • C for 4 h to remove any residual moisture as per manufacturers' guidelines. Once dried, the solution concentrations were prepared by mixing together the formic acid and PA6 at ambient temperature using a stirring plate and magnetic stirrers. The solutions were stirred for a minimum of 72 h to allow complete dissolution, after which rheological testing was conducted using a rheometer (Discovery Hybrid Rheometer 3) (TA Instruments, New Castle, DE, USA) fitted with a 40 mm plate-plate attachment to evaluate the viscosity at room temperature.
Fibre Production
Electrospinning was conducted using an in-house built setup for all solution samples. The high voltage was produced using a DC power supply (Glassman, High Bridge, NJ, USA) which produced the 15-25 kV DC required, along with a Kent Genie syringe pump which facilitated the polymer solution delivery. Parameters were adjusted to find the most appropriate values for each solution sample for high fibre yield without visible droplets. A needle with an internal diameter of 600 µm was placed 10 cm from the collector plate, with applied voltage and volumetric feed rates varied according to Table 1 .
Rotary jet spinning was performed using a FibeRio Cyclone L-1000D lab-scale device (FibeRio, McAllen, TX, USA). A solution spinning setup was installed with a radial collector used to "catch" the fibres as they were spun. The solution spinneret contains two needles (160 µm internal diameter) to spin the fibres, with collector bars placed at 10 cm from the needle outlet. Variations of the angular velocity were studied to select the most appropriate values for spinning, and are shown in Table 1 . 
Results

Solution Characterization
The viscosity of the solutions shown in Figure 2 shows characteristic Newtonian flow behaviour, with values ranging from 4.6 mPa·s to 27.7 Pa·s for 1 wt. % and 30 wt. %, respectively. The solutions exhibit a steep increase in viscosity at a polymer concentration of 7.5 wt. %, where molecular chain entanglement (Me) starts to increase, and sufficient chain overlap develops to introduce viscoelastic effects in what has been termed the concentrated regime by Tsou et al. [21, 22] . Rotary jet spinning was performed using a FibeRio Cyclone L-1000D lab-scale device (FibeRio, McAllen, TX, USA). A solution spinning setup was installed with a radial collector used to "catch" the fibres as they were spun. The solution spinneret contains two needles (160 µm internal diameter) to spin the fibres, with collector bars placed at 10 cm from the needle outlet. Variations of the angular velocity were studied to select the most appropriate values for spinning, and are shown in Table 1 .
Results
Solution Characterization
The viscosity of the solutions shown in Figure 2 shows characteristic Newtonian flow behaviour, with values ranging from 4.6 mPa·s to 27.7 Pa·s for 1 wt. % and 30 wt. %, respectively. The solutions exhibit a steep increase in viscosity at a polymer concentration of 7.5 wt. %, where molecular chain entanglement (Me) starts to increase, and sufficient chain overlap develops to introduce viscoelastic effects in what has been termed the concentrated regime by Tsou et al. [21, 22] . According to Tsou et al., the concentration of the polymer within the solvent will produce three distinct phases of rheological behaviour. According to their work, these phases are (a) semi-dilute disentangled regime, (b) semi-dilute entangled regime, and (c) concentrated entangled regime. In the solutions prepared for this study and shown in Figure 3 , we have the latter two regimes. It is in these regimes that fibres can start to be spun via both electrospinning and rotary jet spinning. According to Tsou et al., the concentration of the polymer within the solvent will produce three distinct phases of rheological behaviour. According to their work, these phases are (a) semi-dilute disentangled regime, (b) semi-dilute entangled regime, and (c) concentrated entangled regime. In the solutions prepared for this study and shown in Figure 3 , we have the latter two regimes. It is in these regimes that fibres can start to be spun via both electrospinning and rotary jet spinning. The surface tension of the three solution concentrations was measured by pendant drop analysis using a DSA100 (KRÜSS GmbH, Hamburg, Germany) to evaluate the variation of surface tension with concentration. The chosen samples were 15 wt. %, 20 wt. %, and 25 wt. %. The surface tension of formic acid is known to be 37.7 mN·m −1 , however with the inclusion of PA6, a small reduction in the surface tension was found. The three PA6 solution samples measured on average 34.1 ± 0.3 mN·m −1 .
Fibre Characterization
Samples were collected on aluminium foil and oven dried at 70 °C until their weight had plateaued to remove any residual formic acid from the fibres. Once dried, the fibre morphology was investigated using a scanning electron microscope (JSM-6300F) (JEOL Ltd., Tokyo, Japan), where multiple images at set magnifications were obtained.
Fibre diameters were measured in batches of 100 sample measurements using ImageJ software (National Institute of Health, Bethesda, MD, USA), and compared as shown in Figure 4 . The standard deviations of the fibre diameters are larger in the rotary jet spun samples compared to the electrospun samples, as can be seen from the histograms in Figure 5 . The increased standard deviation from the rotary jet spun fibres is common in this process due to the uncontrolled and chaotic deposition of the fibres. The surface tension of the three solution concentrations was measured by pendant drop analysis using a DSA100 (KRÜSS GmbH, Hamburg, Germany) to evaluate the variation of surface tension with concentration. The chosen samples were 15 wt. %, 20 wt. %, and 25 wt. %. The surface tension of formic acid is known to be 37.7 mN·m −1 , however with the inclusion of PA6, a small reduction in the surface tension was found. The three PA6 solution samples measured on average 34.1 ± 0.3 mN·m −1 .
Samples were collected on aluminium foil and oven dried at 70 • C until their weight had plateaued to remove any residual formic acid from the fibres. Once dried, the fibre morphology was investigated using a scanning electron microscope (JSM-6300F) (JEOL Ltd., Tokyo, Japan), where multiple images at set magnifications were obtained.
Fibre diameters were measured in batches of 100 sample measurements using ImageJ software (ImageJ version 1.48) (National Institute of Health, Bethesda, MD, USA), and compared as shown in Figure 4 . The standard deviations of the fibre diameters are larger in the rotary jet spun samples compared to the electrospun samples, as can be seen from the histograms in Figure 5 . The increased standard deviation from the rotary jet spun fibres is common in this process due to the uncontrolled and chaotic deposition of the fibres. The deposition process in rotary jet spinning is chaotic due to the spinning reservoir creating significant amounts of air turbulence from the fast-moving spinning head, which the fibres are required to negotiate before coming to rest. This leads to a larger variation in diameters due to the way in which the fibres settle on one another in the current laboratory setup, which utilised a radial collector as illustrated in Figure 1 . Conversely, the fibre deposition in electrospinning is done systematically by a constant electrostatic force without much interference from air turbulence, which resulted in the fibre deposition attaining an equilibrium, delivering relatively similar fibre diameters throughout deposition as shown in Table 2 . The deposition process in rotary jet spinning is chaotic due to the spinning reservoir creating significant amounts of air turbulence from the fast-moving spinning head, which the fibres are required to negotiate before coming to rest. This leads to a larger variation in diameters due to the way in which the fibres settle on one another in the current laboratory setup, which utilised a radial collector as illustrated in Figure 1 . Conversely, the fibre deposition in electrospinning is done systematically by a constant electrostatic force without much interference from air turbulence, which resulted in the fibre deposition attaining an equilibrium, delivering relatively similar fibre diameters throughout deposition as shown in Table 2 .
Visually, the fibres in the rotary jet spun samples were much less compact and often collected in such a way that resulted in a reduction in the collector distance as the fibres formed a 3D network of attachments. A reduction in the collector distance due to this 3D network seemed to slowly increase the fibre diameters as they had less space to be drawn before becoming stationary. Given sufficient time, this reduces to no gap at all where the rotating needles will catch the previously formed nanofibres and pull them from the radial collector. Zander et al. have shown a slight increase in diameter with a reduction in collector distance to illustrate this point somewhat [23] . Figure 5 shows SEM images and fibre diameter data for the 22.5 wt. % spinning solution used for both methods. In the histograms, the curve clearly shows a larger standard deviation in rotary jet spun fibre diameters. This larger diameter variation was seen across all rotary jet spun fibres produced compared with those from electrospinning.
At the lowest viscosities, both spinning methods did not produce fibres, but instead produced droplets of solution containing PA6 as seen in Figure 6 . Upon deposition on the collector surface, the low polymer concentration solutions produced a coating following the evaporation of formic acid. Electrospinning produced continuous fibres from 7.5 wt. % to 25 wt. %, whereas rotary jet spinning only produced fibres from 17.5 wt. % to 25 wt. %, after which no fibres were produced from either method due to nozzle blockage.
Differential scanning calorimetry (DSC) was performed using a DSC 25 (TA Instruments, New Castle, DE, USA) for evaluation of fibre crystallinity. Samples were heated from 30 • C to 320 • C at 10 • C min −1 , held isothermally for 5 min before cooling at 10 • C min −1 to 30 • C. Figure 7 shows a comparison of DSC heat traces from the initial thermal ramp for 22.5 wt. % solution spun fibres and bulk PA6.
Sample crystallinity (X c ) was evaluated using Equation (1), where the observed enthalpy (H obs f ) could be calculated by integrating the peak values from the DSC heat traces. The enthalpy of fusion (H f o ) is taken to be 230 J g −1 for 100% crystalline PA6 as per the suggested value by Wunderlich [24] .
With this reference value, the crystallinity of all samples could be compared from the bulk polymer to the electrospun and rotary jet spun fibres.
As seen in Table 3 , it is clear that the percentage of crystallinity in the produced nanofibres is lower than that of the bulk polymer, with a crystallinity difference of over 10% after fibre processing. This difference in crystallinity is an outcome of the method by which crystal growth occurs during the bulk processing of PA6 pellets, where slower melt cooling promotes increased α-form crystal growth, versus the rapid solution evaporation that occurs in fibre formation where rapid γ-form crystal growth can produce a polymer with much less of a crystal structure [25] . 
Discussion
In this study, we set out to evaluate the difference in fibre morphology, crystallinity, and production rates between electrospinning and rotary jet spinning. In the case of electrospinning, wellformed fibres were produced without beading between a polymer in solution range of 10 wt. % to 22.5 wt. %, where at 25 wt. % the fibres became ribbon-like. In contrast to this, the rotary jet spun samples produced fibres from 17.5 wt. % to 25 wt. % polymer concentrations in solution, although all but the 25 wt. % fibres showed some level of beading. Electrospun fibre diameters increased throughout, overlapping with rotary jet spun fibres at 22.5 wt. % (3.3 Pa·s).
Above 22.5 wt. % polymer concentration in solution, the rotary jet spun fibre diameters remained below 1 µm, whereas in the case of electrospinning the fibre diameter almost doubled to 1.3 µm. This would indicate a significant change in the ability of the electrostatic field to attract the polymer solution from the capillary tip in which it no longer produces a cylindrical fibre. The benefit of the solution leaving the rotary jet needle is that it does not have to overcome any electrostatic charge, as it relies solely on centrifugal force and hydrostatic force to expel it. Using a 30 Ga (Internal diameter 160 µm) needle reduced the solution viscosity range that is capable of being spun, which resulted in a blockage of solution concentrations greater than 25 wt. %.
Observations between the spinning methods accounts for some of the fibre diameter variations measured. The range of solution concentrations which can form fibres in electrospinning was shown to be larger, possibly due to the slower volumetric flow rate which allows the solvent to evaporate over a longer period of time during the spinning process. By having a lower volumetric flow rate, Figure 7 . Differential scanning calorimetry (DSC) heating traces of PA6 fibres from rotary jet spinning (RJS), electrospinning (ES) and the bulk polymer, showing identical melting peak temperatures for PA6 bulk and rotary jet spun fibres. The bulk polymer typically contains slower forming α-form crystal structures whereas faster forming γ-form crystals are present in the as-spun fibres due to the rapid evaporation of solvent from the spinning process. 
In this study, we set out to evaluate the difference in fibre morphology, crystallinity, and production rates between electrospinning and rotary jet spinning. In the case of electrospinning, well-formed fibres were produced without beading between a polymer in solution range of 10 wt. % to 22.5 wt. %, where at 25 wt. % the fibres became ribbon-like. In contrast to this, the rotary jet spun samples produced fibres from 17.5 wt. % to 25 wt. % polymer concentrations in solution, although all but the 25 wt. % fibres showed some level of beading. Electrospun fibre diameters increased throughout, overlapping with rotary jet spun fibres at 22.5 wt. % (3.3 Pa·s).
Observations between the spinning methods accounts for some of the fibre diameter variations measured. The range of solution concentrations which can form fibres in electrospinning was shown to be larger, possibly due to the slower volumetric flow rate which allows the solvent to evaporate over a longer period of time during the spinning process. By having a lower volumetric flow rate, electrospinning ensures that the solvent is exposed to the air for longer from the point of solution ejection to polymer fibre collection, compared with rotary jet spinning. This speed differential in electrospinning increases its potential to produce fibres from lower polymer concentrations.
Evaporation rates of the solvent during fibre formation would therefore be a significant contributor to the overall fibre diameter in both processes. During rotary jet spinning, the needle tip is moving at velocities between 40-75 m/s, where the evaporation rate is higher compared to electrospinning, due to the faster moving air over the fibre surface.
This variation in fibre diameters points to a production capability distinction. Smaller fibre diameters are capable of being produced from an electrospinning lab set-up to a point at which rotary jet spinning will produce a smaller diameter fibre-in the current system, this is at 22.5 wt. % polymer in solution concentration. This key distinction would lead to either a choice for speed or fibre diameter in which rotary jet spinning would be favourable in terms of speed, while electrospinning would be favoured in terms of fibre diameter and uniformity of fibres produced. With electrospinning producing fibre at a rate of up to 50 times slower than rotary jet spinning, it is prudent to evaluate the requirements of a smaller diameter fibre over the time required to produce it. Electrospinning and rotary jet spinning apparatus, when scaled to industrial-size units, could potentially see an alternative evidence as to the specific fibre morphology, but this is data not available in this study, which is conducted using lab-scale devices.
The crystallinity of the samples was evaluated using DSC, which is one of the easiest and most widely used methods of determining crystallinity [26] . Heat enthalpy of 100% crystalline PA6 was used to calculate the degree of crystallinity in the fibres based on the integration of the heat enthalpy peaks in the samples. Surprisingly, very little difference is seen between the electrospun samples with an average of 33% crystallinity versus those of the rotary jet spun fibres at an average of 30%. The bulk polymer had a crystallinity of 49%, which is in the region of what is expected for a semi-crystalline PA6.
Nylon 6 consists of two crystal forms, namely α-and γ-forms. The percentages of each form that contributes to the crystalline phase of the polymer depends on processing conditions and rate of their formation. α-Form crystals are typically associated with slow crystallization and are formed from extended PA6 chains, whereas γ-form crystals are produced from rapid crystallization from pleated PA6 chains [25] . The total crystallization percentage of each process, including that of the bulk polymer, can therefore be attributed to the rate of crystallization as well as the processing conditions. In our study, the solution formed nanofibres from electrospinning and rotary jet spinning could have more γ-form crystal structures than α-form structures, and vice-versa for the slower crystal forming method of bulk melt processed PA6 pellets. Electrospun fibres could potentially contain more α-form crystal structures compared to rotary jet spun fibres due to the slower crystal structure formation time vs. rotary jet spinning time, which is known to produce fibres much more rapidly. This increased quantity of both types of crystal structures in electrospun fibres would result in a higher enthalpy, which is seen in Figure 7 .
The degree of crystallinity will affect mechanical properties such as the elastic modulus and fracture toughness of these fibres [27] , however this was not the focus of this study. Crystallinity within the fibre can also have a dependence on the age of the solvent due to the continued degradation of the polymer chains in the formic acid over time. A study by Nam et al. [28] , for example, has shown that electrospun PA6 fibres had differing amounts of crystallinity from the same solvent after four consecutive weeks of trial. However, all samples in the current study were used within a week of each other.
Conclusions
In this comparative study, we have set out to establish a direct comparison of creating polymer nanofibres by electrospinning and a relatively new technique called rotary jet spinning. Rotary jet spinning, being a significantly faster method of creating fibres at the nanoscale, could prove a very useful technique for industrial scale production of polymer nanofibres. Fibres were formed from both methods from PA6 solutions in formic acid, and characterised based on their dimensions, spinnability, and crystallinity.
Results showed that although rotary jet spinning can produce fibres faster than electrospinning, the morphology of those fibres was different in average diameter over the whole spectrum of solution concentrations examined. Up to a polymer in solution concentration of 22.5 wt. %, electrospun fibres had slightly smaller diameters which ranged from 40 ± 10 nm to 1250 ± 150 nm, after which point rotary jet spinning produced fibres that measured the smallest diameter at an equivalent polymer solution concentration of 25 wt. % compared with that of electrospinning. Rotary jet spun fibres produced fibres in a narrower polymer concentration range with fibre diameters ranging between 350 ± 180 nm to 500 ± 250 nm.
The crystallinity of the fibres measured showed that the change in crystallinity from bulk PA6 was similar for both fibre production methods, with the bulk polymer having a crystallinity of 49%, being reduced to 33% and 30% for electrospun and rotary jet spun fibres, respectively.
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